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Progress Report
Research Grant NAG-1-757
J.H. Heinbockel, Principal Investigator
For the period May 15,1988 to December 31,1988

Theoretical Studies of Solar Lasers and Converters

A second computer program has been developed for the simulation of an n — C3F7I iodine laser. This
computer program is given in the Appendix A and typical output from the computer program is illustrated
in the Appendix B.

Chemical Kinetics

The computer program simulates the chemical kinetics occurring during the operation of an n — C3Fy I
iodine laser. Letting R denote the radical n — C3Fy, these reactions are summarized as follows:
Photodissociation of RI and I;:

0.27um

—_—
RI+ hvy R+ I
&

O.S_y.m
I + hvg I+r
&

Laser action (stimulated emission)

I+ hvy V285 14 2k,

Quenching of I* (reaction rates have units [cm>/sec])

I+ RISS T+ RI
r+Lb3 141,
I"+R2I+R
I+R 325 I+R,
I8 T4+ 1

RI generation and two body recombinations (reaction rates have units [cm?/sec])

R+1I**, R
R+ 1%, BRI
R+R—!c—’-»R2
R+RIX R+ 1
R+ L RI+1
R+RI* R+ 1"
RI+I*"* L+R
I+RI® L +R



I, formation (reaction rates have units [cm®/sec|)

I+ I+RIZN L+ RI
I+T+RI= L+ RI
Fr+I1+L=L+1
I+I+ L3S L+ L
I+I+R, 2L, +R,
I+I"+R;=+ I, +R,

Wall reactions (reaction rates have units [cm3/sec|)

I+ I+ wall2 I + wall
Ry + I+ wall=% R+ RI + wall

Reaction rate coefficients

The reaction rate coefficients are assumed to satisfy the following inequalities:

.476(107¢) <Q, < 8.4(10719)
.730(1071) <Q2 < 4.94(1071%)
1.23(107 %) <@Q; < 11.1(10718)
1.57(107 %) <Q4 < 14.1(10719)
.530(1071) <Q5 < 4.8(107%4)

0.9(10713) <k, < 34.7(10713)
657(1071) <k < 8.05(107'%)
65(10712) <k3 < 10.4(1071%)
1.0(107'®) <k4 < 9.0(10719)
0.33(107 1) <ks < 3.0(1071%)

1.0(10717) <k¢ < 10.24(10717)
1.5(107*°) <k; < 4.5(107'°)
0.533(10723) <ks < 4.8(107%)

1.0(107%?) <¢; < 10.2(10733)
1.6(107%2) <c, < 45.0(107%2)
4.44(107%2) <c3 < 14.4(1073%2)
2.92(107%) <cq < 4.94(1073)
3.6(107!) <cs < 6.0(1073%)
1.35(1073%) <cq < 2.25(107%2)

0.33(107'2) <v; < 3.0(107%2)
0.33(10711) <v; < 3.0(1071%)



Other coefficients
In the computer program we let: Q, denote the quantum yield; §;, £z denote the photodissociation

rates which are dependent upon the solar simulator concentration co; o denotes the stimulated emission
cross section and p denotes the photon density in the optical cavity. We use the approximations

£1=3.04(10"%)co, & =3.38(10"%)¢o

The pumping is assumed to occur over an interval 0 < z < z;, where L is the length of the tube. Various
assumptions can be incorporated concerning the pumping intensity. Currently, the program assumes that
the maximun pumping intensity occurs at zop = %zL.

Differential equations for chemical kinetics

Using the notation [A] to denote the concentration of species A in units of cm™3, the differential
equations defining the chemical kinetics for the iodine lase can be expressed by the following set of coupled
nonlinear differential equations involving the concentrations (RI|, (R], [RJ], (L], (I*], (1]

ARI) (R + ksl R+ kol R - kel [ R1) - R RIRI)
~ kg[R][RI] - & [RI] + va[R3][I] — ks[I][RI]
48 6 (R1 - K (RIE) - ka[RI - 2k5(R? - ERI)A
— kel RI)[R] = ks|R][Lz] + val Ral[1] + ks RI[T") + ko T][R1]
ARl  KolR? + kol RI(E] + K RI(E] = wal Rl

"””‘ A [RIFI) + e3 [ RII? + csl LN + cdl ]I

= &[la] + ke[ RI[T"] = ks R][ 2] + v [1]?
cs (11| Ra] + ks[RI[I] + co|1][I"][R]
= Qué&i[RI] + &[] - ka[R|[I7] - Qa[ 3] (1]
—cop([I*] - 5[11) + ke[R][RI] - Qs[R][I"] - Q4[Ra](I"]
= Qs[I")[1) - kA RIN] - C[R)[I)I) = €y [RI} (1] (]

d[I ] _

= Cs (L] (I*|[1} - Qi[RI [I"]

U _ ealn + QuURIIF) + QulLIE) - 2es{ IR ] ~ kel 1R1)
+ cop([I*] - 5[11) — co|[RI)[I*)[1] - 2¢x[RI[I]? - ca[ ][I 1]

+ 24 B)11* - ka[R)[I] + ko[ RI][R] + Qo[I"][R] + Q4[I']| By
+ Qs 7)) + ks|R]| 1] — va[ Ra[1] - 201(1]° — co[ Ra](I°](]
In the above differential equations we use the material derivative

dA] _ 2l4) , 3]A|dz _ 0[] _ ol4)
& ot Taz @ o T8

where ‘;—: = w i8 the flow rate in the axial direction.

The above system of nonlinear differential equations conserves the masses of the species involved in the
reactions and for steady state operation at any point z we have the immediate integrals

[RI] + [R] + 2[R;] = constant
[RI) + 2[I2] + |I*] + |I] = constant

3



) N S Sr am R =S S o O O o) an ey

Photon density

For the light flux density of lasing photon p we let p = p4 + p_ where p,. = p.(z, t) denotes the photon
density propagating in the positive z direction and p— = p_(z,t) denotes the photon density propagating in
the negative z direction. The differential equations for these photon densities are given by

190+, B0t o1 ps (1) - 510)

19 %= () - 310D

where c is the speed of light in the optical medium. In the above equations o{I*] p, is the amplification factor
resulting from population of the upper lasing level of the active medium and —%a[[ ]p+ i8 the decrease in
photon density due to population of the lower lasing level.

Compressible flow
The effects of fluid density variation as a function of distance z along the tube is considered. Also the

pressure and temperature of the low medium are calculated as a function of distance z and incorporated
into the computer model by including the following equations:

(i) An equation of state:
For P the pressure in the gas, T the absolute temperature, and 7 the gas density, we assume an equation

of state for a perfect gas
P =nRT

where R is the universal gas constant.
(if) Continuity equation (conservation of mass):
The continuity equation is expressed

an .
2t +div(nV) =0

where 7 is the gas density and V' is the gas velocity. For steady state conditions and V = wk the flow in the
axial direction, the continuity equation reduces to

;]

= =0

32 ™)

which implies that
nw = constant.

(iii) Momentum equation
The momentum equation for a control volume having a mass ndr where dr is an element of volume, is

given by
M= /// Vndr.

=_DM _ D -
F—E'—-E‘/‘//Vﬂdf

where % is the material derivative. We have that

%://V(nf"-d&‘)+§t///‘7ﬂdf

where the surface integral term above represents the eflux of momentum through the control volume and the
volume integral term represents the change in momentum inside the control volume. Changing the surface
integral to a volume integral by using the Gauss divergence theorem

//v(,,v.da)=/]/[v.,w] dr

Using Newton’s second law we have



and letting F= Iff fdr where f is the average force per unit volume, we obtain

= [ff7ar=[f] [ (ro)k+ 2 ()| dr

where VV = w2kk is a dyadic and f = —V P is the average force per unit volume which is due to the fluid
pressure P. This equation implies that

98 = )+ 2 ).

Using the result nw = ¢; = a constant, the steady state form of the above gives us

3P dw
Sl hed
9z 19z
and an integration gives
P+ciw=cq

where ¢, is a constant of integration.
Energy equation
In terms of the specific enthalpy A per unit mass, the energy equation for the gas flow can be expressed

Dh DP

Dh _ 2
"Dt = D TEV L HY

where P is the pressure, T is the absolute temperature, « is the thermal conductivity, and ¢ = g(z) is the
raditation heat flux. In one dimension, the energy equation can be expressed

ah+ ah_a_13+ aP+ d’_T+
et T8z T Bt 3z dz?

For C,, the specific heat at constant temperature and C, the specific heat at constant volume, we can write
h = C,T and Cp — C, = R. This gives us the steady state equation

nw|[Cy (T)+R]— —de +x &7

dz T Fdz T

where we have neglected the effects of viscosity. If we also neglect the effects of the thermal conductivity the

above equation reduces to
¢1{Cy(T) + R]dT + weydw + gdz =0

Using the empirical model
Co(T) = ay, exp(B, (T — 300)), 298.15 < T < 500

where o, = 147.23 and 8, = 0.0012 are constants, the above equation can be integrated to obtain

v 1
cl%- exp(B, (T — 300)) + ¢, R(T — 300) + Eclwz -Q=c,

Q= /Q(z) dz

where

and c4 is a constant of integration.
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Computer program

The above equations can be found in the computer program listed in the Appendix A. This program
can be described as follows:
Main program

This assigns values to all constants and parameters and then guesses at an initial photon density. The
equations are then integrated from 0 to L and the boundary conditions (discussed in an earlier report) are
checked to see if they are satisfied. If they are not satisfied then an iterative scheme is employed to find the
initial photon density which satisfies the boundary conditions. When the correct initial photon density is
used the results of the computations are printed out.
Subroutine GRAPHS

Produces graphical output for each of the species concentration as a function of distance 2 in the axial
direction.
Subroutine PFLOW

This subroutine calculates certain parameters needed in subroutine FLOW. These parameters are stored
in common BLK10.
Subroutine FLOW

This subroutine calculates the temperature T, pressure P, low rate W, density n, Pressure in torr, as a
function of axial distance z.
Subroutine ARREN

This subroutine calculates how some of the rate coefficients change with temperature where we have
assumed various arrenhius expressions for the different rate coefficients. Other rate coefficients are held
constant.
Subroutine CHSI1

This subroutine calculates £; as a function of 2.
Subroutine CHSI2

This subroutine calculates §2 as a function of z.
Subroutine COEFFS

This subroutine calculates the various constants and rate coefficients needed for execution of the pro-
gram.
Subroutine VELOC

This subroutine calculates the velocity w as a function of tube radius. Various assumed flow patterns
can be assumed. Current version assumes a parabolic flow profile with the velocity of the gas going to zero
at the tube walls.
Subroutine FUN

This subroutine calculates the functions occuring on the right hand side of the differential equations to
be solved.
Subroutine SIGMA

This subroutine calculates the absorption cross section o.
Subroutine INTEG

This subroutine integrates the differential equations from 0 to z using a 7th order Runge-Kutta-Fehlberg
variable step size integration routine. ‘
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